Glioblastoma (GBM) is one of the most malignant brain tumours and, despite advances in treatment modalities, it remains largely incurable. Ca 2+ regulation and dynamics play crucial roles in different aspects of cancer, but they have never been investigated in detail in GBM. Here, we report that spontaneous Ca 2+ waves in GBM cells cause unusual intracellular Ca 2+ ([Ca 2+ ] i ) elevations (>1 μM), often propagating through tumour microtubes (TMs) connecting adjacent cells. This unusual [Ca 2+ ] i elevation is not associated with the induction of cell death and is concomitant with overexpression of mitochondrial Ca 2+ uniporter (MCU). We show that MCU silencing decreases proliferation and alters [Ca 2+ ] i dynamics in U87 GBM cells, while MCU overexpression increases [Ca 2+ ] i elevation in human astrocytes (HAs). These results suggest that changes in the expression level of MCU, a protein involved in intracellular Ca 2+ regulation, influences GBM cell proliferation, contributing to GBM malignancy.
INTRODUCTION
When primary glioblastoma (GBM; World Health Organization grade IV glioma) cells derived from patients are implanted in mouse brains, long and thin membrane protrusions originating from the cell body of the GBM cells are observed (Osswald et al., 2015) . These thin protrusions, which can be as long as hundreds of microns and connect tumour cells in a multicellular network, are referred to as tumour microtubes (TMs). TMs have two features possibly contributing to GBM malignancy: they provide a way for GBM to invade and infiltrate, and they form one large syncytium that confers to the cellular network resistance to radiotherapy (Osswald et al., 2015; Osuka and Van Meir, 2017) . Oncotherapy, based on either radiotherapy or chemotherapy, is usually associated with increased intracellular Ca 2+ ( [Ca 2+ ] i ) (McFerrin et al., 2012; Tombal et al., 2002) , and the control of [Ca 2+ ] i plays major roles in healthy and cancerous cells. Indeed, when [Ca 2+ ] i is elevated to micromolar levels, cells usually undergo apoptosis within 6 h (Tombal et al., 2002) . The unusual resistance of GBM cells to oncotherapy has been attributed to the ability of TMs to facilitate Ca 2+ fluxes among different GBM cells, leading to the distribution of [Ca 2+ ] i away from damaged cells to all the other cells connected to it by the TMs. However, it is possible that GBM cells also have an intrinsic resistanceoriginating from their altered genomic landscapeto the elevation of [Ca 2+ ] i , as we argue in the present paper.
Mitochondria accumulate large amounts of Ca 2+ and contribute to the maintenance of a low resting [Ca 2+ ] i (Foskett and Philipson, 2015) : if [Ca 2+ ] i exceeds a threshold in the micromolar range, cells trigger metabolic pathways leading to cell death (Liu et al., 2015) . Ca 2+ influx into mitochondria is mediated by mitochondrial Ca 2+ uniporter (MCU), and genetic ablation of Mcu decreases mitochondrial Ca 2+ uptake (Hamilton et al., 2018) , while persistent MCU activity enhances mitochondrial Ca 2+ uptake (Dong et al., 2017) . It has been proposed that cancer stem cells share several properties of adult neural stem cells, in particular altered Ca 2+ regulation (Leclerc et al., 2016) . On the basis of a bioinformatics analysis, several genes involved in Ca 2+ regulation with altered expression in GBM cells have been identified, among which MCU has been found to be overexpressed (Robil et al., 2015) . There is now considerable evidence suggesting crucial roles for MCU and its regulators in cancer (Mammucari et al., 2017) , but the exact function of MCU in GBM cells has not yet been fully described or understood.
To perform measurements of Ca 2+ dynamics and [Ca 2+ ] i , we looked for U87 GBM cells connected by TMs in a single layer ( Fig. 1A) , in which Ca 2+ measurements are feasible and reliable. We also observed TMs in cultures of the U251, T98G GBM cell lines and in glioblastoma stem cells (GSCs) from patients cultured in adhesion. We analysed Ca 2+ transients in the somas and TMs of U87 cells using the fluorescent Ca 2+ probe Fluo-4 AM and with ratiometric Ca 2+ imaging using Fluo-4 AM and Fura Red AM, providing a quantitative measure of Ca 2+ transients (Assinger et al., 2015) . Our results show some unusual properties of Ca 2+ dynamics in GBM cells: first, spontaneously occurring transients originating in the middle of TMs did not always propagate to the somas of connected cells, but large Ca 2+ waves originating in the somas propagated along the TMs more easily; second, spontaneous Ca 2+ transients in U87 cells and GSCs from patients could reach values up to 1-3 μM for long durations and not lead to cell death; and third, MCU, a protein involved in the influx of Ca 2+ into the mitochondria, is overexpressed in GBM cells.
Our results suggest that the mitochondrial [Ca 2+ ] overload after overexpression of MCU, causes large and unusual [Ca 2+ ] i dynamics. Moreover, a higher MCU level in GBM cells promotes cell proliferation, which is an important factor contributing to GBM malignancy, possibly through activation of the Ca 2+ -calmodulin complex and calmodulin-dependent protein kinase II (CaMKII) (Fischer et al., 2013) , and specific transcription factors, such as members of the cAMP response element-binding protein (CREB) family (Shanmughapriya et al., 2015) .
RESULTS

TMs connecting separated GBM cells
The proliferation and migration of cultured GBM cells were followed by live-cell imaging, in which an image was acquired every 1 or 2 min for several days. When GBM cells were imaged under bright-field illumination, thin structures connecting two GBM cells reminiscent of tumour TMs were detected ( Fig. 2A ). When GBM cells were either stained with the fluorescent membrane marker Vybrant™ DiD or labelled with the fluorescent probe mCherry, TMs were better visualized, and their dynamics could be followed for several hours (Fig. 2B,C) .
Often, GBM cells retracted all their processes and assumed a rounded shape, which was followed by the emergence of two lobes, preceding cell division ( Fig. 2D , 0 min). During mitosis, on several occasions, a thick structure with a width of several microns formed, and within tens of minutes, when the two GBM cells started to move apart, one to six TMs could be clearly seen ( Fig. 2D , 10 min; Movie 1). The TMs formed in this way could be observed for several hours (Fig. 2D ). In most cases, TMs formed during mitosis, but we occasionally also observed the formation of TMs following an encounter between two distinct U87 GBM cells ( Fig. S1 and Movie 2). During such collisions, the two cells joined very closely, and following this apparent fusion, they separated again, leaving between them connecting TMs. This phenomenonnever observed in normal, healthy neuronssuggests a transient fusion of the cellular membrane of the two GBM cells.
We followed individual TMs for up to 5-6 h, and, at later times, the TMs were usually lost, either because of dye bleaching or because of disruption following the vigorous GBM cell motion. The mean duration of TM persistence in our experimental conditions was 67±7 min, and the TM lengths varied from a few microns to more than 100 μm ( Fig. 2F ), equivalent to approximately three times the diameter of the GBM cell body. Some TMs extended up to 100-200 μm following GBM cell motion, and some TMs persisted for several hours ( Fig. 2E,F ).
Ca 2+ transients in GBM soma
U87 GBM cells were seeded on 15-mm coverslips at a density of 2.0×10 4 cells, and Ca 2+ transients in their somas were analysed using the Ca 2+ indicator Fluo-4 AM. GBM cells moved during the Ca 2+ -imaging experiments, and often in 5-10 min, their somas could move by 1-3 μm. Therefore, we analysed Ca 2+ dynamics only in cells that did not move during the experiment. During the first day of culture (Day 1), the great majority of U87 cells remained isolated, and only a small fraction of them was connected by TMs; only occasional Ca 2+ transients could be detected ( Fig. 3A ). After culture for 2-3 days (Day 2 and Day 3), more cells had become connected by TMs and had formed a functional network. On Day 2 and Day 3, spontaneous Ca 2+ waves with durations of ∼1 min could be detected; these waves were almost periodic but exhibited low synchrony ( Fig. 3B,C) . The amplitude of these optical signals was large, and the value of DF/F 0 could exceed 1 ( Fig. 3B ,C,E). After culture for 4 days (Day 4), the GBM cells had formed a morphologically connected dense layer, and only a few TMs could be detected; the Ca 2+ transients had become shorter and weaker, with a DF/F 0 value less than 0.5 ( Fig. 3D ,E).
Ca 2+ transients in TMs
As represented in Fig. 3E , the properties of the Ca 2+ transients changed with time after the U87 GBM cells were moved into culture dishes: initially, the cells were isolated, with very few connecting TMs (Day 1), but the fraction of connected cells increased following proliferation (Day 2 and Day 3), and when tumour spheres started to form, the number of visible TMs dropped substantially (Day 4). Similarly, the amplitude and duration of the measured optical transients changed from Day 1 to Day 4 ( Fig. 3E ), and spontaneous Ca 2+ waves had a larger amplitude on Day 2 and Day 3 than on Day 1 and Day 4, which suggests that the Ca 2+ elevation was higher. For these reasons, Ca 2+ transients were analysed in detail on Day 2 and Day 3.
In several cases, Ca 2+ transients propagated with a delay varying from 1 to 10 s to a nearby cell, but with a reduced amplitude. In other cases, a small Ca 2+ transient originating in a distal process was amplified and propagated to the soma. The propagation of Ca 2+ transients between morphologically connected cells was not always bi-directional, especially in cells connected by TMs ( Fig. 4A ,C): we often observed the presence of spontaneous localized Ca 2+ transients in TMs with stereotypical shapes and amplitudes (see orange shading in the red trace in Fig. 4B ). However, these transients often did not propagate to the neighbouring portions of the same TM. These experiments were performed with the single Ca 2+ indicator Fluo-4 AM, and, given the high motility of GBM cells and of the connecting TMs, localized optical transients could be caused by a small motion of the TM itself rather than by a genuine Ca 2+ hotspot. Therefore, we moved to ratiometric Ca 2+ imaging based on Fluo-4 AM and Fura Red AM (Assinger et al., 2015) ; in this method, an increase in [Ca 2+ ] i causes an increase in the fluorescence emitted by Fluo-4 AM but a decrease in the fluorescence emitted by Fura Red AM (Fig. 1B) .
Using ratiometric Ca 2+ imaging, we determined the complexity of Ca 2+ propagation along TMs connecting the somas of two GBM cells. Large Ca 2+ transients originating in the soma of one of the two cells propagated along the TM (see the initial large increase in R in the red and blue traces in Fig. 4D ). Frequently, following this conventional Ca 2+ propagation, we observed a Ca 2+ transient originating in the middle of the same TM that remained localized and did not propagate to the two ends of the TM (see optical transients in the blue trace within the orange shading in Fig. 4D ). Similar observations obtained in the other seven TMs suggest that large Ca 2+ transients originating in GBM cell somas are global events that can invade the entire cell and propagate along the TMs, but small Ca 2+ transients originating in TMs do not easily propagate and represent localized hotspots.
The presence of Ca 2+ hotspots along TMs could originate from the presence of local barriers preventing the free diffusion of Ca 2+ . Barriers to free diffusion along TMs could be formed by mitochondria operating in these narrow structures (Bindocci et al., 2017) . Therefore, we analysed the presence of mitochondria in the TMs (Fig. 4E ) using the dye MitoTracker Red FM (Fig. 4F ). We found clear spots of the dye in the middle of TMs, indicating the presence of mitochondria in restricted regions of TMs. These mitochondrial hotspots were also highly dynamic and could move along the TM with a velocity of ∼1 μm/min (compare the 0 min and 15 min images in Fig. 4F ; Movie 3). and duration of optical transients (right) as a function of days in culture. The data in E were collected from 160 U87 GBM cells in three distinct experimental sessions. The duration of optical transients was measured as the time during which DF/F 0 was larger than 0.3 times the peak amplitude of the optical transient. **P<0.01, ***P<0.001. n.s., not significant.
[Ca 2+ ] i transients reach higher levels in GBM cells than in human astrocytes (HAs)
The use of ratiometric Ca 2+ imaging not only allows us to verify and rule out possible artefacts caused by cell motion but also enables quantitative estimation of increases in [Ca 2+ ] i (see Materials and Methods). We examined spontaneous Ca 2+ waves in HAs (Fig. 5A ), U87 cells ( Fig. 5B ) and GSCs from patients ( Fig. 5C ) when these cells had formed monolayers in the dishes (Day 2 and Day 3). We often observed global intermittent behaviour in these monolayers: large, synchronous Ca 2+ transients appeared in most of the visualized cells, but at different times, the Ca 2+ waves were completely asynchronous. This intermittency between a state with highly synchronous Ca 2+ waves and a state with randomly occurring Ca 2+ transients was typical of cells connected by TMs.
In healthy HAs, the spontaneous Ca 2+ waves reached maximal values below 1 μM ( pCa<6 and corresponding to values of R between 2.5 and 3). We never observed [Ca 2+ ] i elevations above 1 μM in HAs other than those triggering cell death. In U87 cells, the elevation of [Ca 2+ ] i was much more significant, and the value of R could increase from values of ∼1 to 3.5 and occasionally close to 4 ( Fig. 5B ). On the basis of the calibration curve (see Fig. 1D ), [Ca 2+ ] i increased to values exceeding 1 μM during the spontaneous Ca 2+ waves. In GSCs from patients, we observed spontaneous Ca 2+ waves reaching peak values above 1 μM, and often [Ca 2+ ] i remained elevated for several minutes (Fig. 5C ). Following this unusual [Ca 2+ ] i elevation, a resting level of ∼100 nM was reached in several minutes without changes in morphology or motility.
Given the uncertainty in estimating the exact value of [Ca 2+ ] i from R, we compared changes in R and not in [Ca 2+ ] i in different cell types. The mean resting level of R was close to 1 in HAs and slightly greater in U87 cells and GSCs (Fig. 5D ). The change in R (ΔR) and the maximal value of R at the peak of the spontaneous Ca 2+ waves were significantly higher in U87 GBM cells than in HAs or GSCs (Fig. 5E,F ). Both ΔR and the peak values of R were higher in GSCs than in HAs, but to a lesser extent. Based on these results, we conclude that [Ca 2+ ] i in U87 cells and in GSCs from patients can reach levels much higher than those in HAs without causing any signs of cell death.
Comparison of the expression of MCU in HAs, U87 GBM and GSCs
There are several indications that Ca 2+ regulation and homeostasis are different in cancer cells than in normal healthy cells, particularly in glioma and GBM (Farfariello et al., 2015; Marchi and Pinton, 2016) . Indeed, a recent bioinformatics analysis (Robil et al., 2015) identified higher levels of expression of several genes related to Ca 2+ , which were collectively referred to as the Ca 2+ toolbox, in cancer cells. This toolbox contains several tens of genes, some of which could be involved in helping GBM cells to sustain higher levels of [Ca 2+ ] i than those in other cells: a gene that is highly expressed in GBM cell lines but expressed at lower levels in normal brain tissues is MCU. In addition, some proteins of the S100 family of Ca 2+ -binding proteins are overexpressed in brain tumours; namely, S100A2, S100A4, S100A8 and S100A11, and have been reported as markers of tumorigenicity (Rand et al., 2008) . Therefore, we used western blotting and immunofluorescence to verify whether the overexpression of MCU could be responsible for the resistance and tolerance of GBM cells to unusual elevation of [Ca 2+ ] i (Fig. 6) . Immunofluorescence analysis showed vigorous staining for MCU in HAs, U87 GBM cells and GSCs from patients (Fig. 6A ). Co-staining with the mitochondrial marker MitoTracker Red indicated a strong colocalization, confirming MCU localization in the mitochondria. Moreover, western blot analysis showed that the relative expression level of MCU in U87 cells was approximately twice that observed in HAs (Fig. 6B,C) . In GSCs from patients, the expression level of MCU was also higher than that in HAs, but to a lesser extent.
MCU expression level influences [Ca 2+ ] i and cell proliferation
A key question is the source of the observed Ca 2+ transients: does the rise in [Ca 2+ ] i originate from the extracellular medium or is it released from internal stores, such as mitochondria? Therefore, we analysed Ca 2+ waves in U87 GBM and HA cells following the removal of extracellular Ca 2+ . The cells were treated with a Ca 2+ -free Dulbecco's modified Eagle medium (DMEM) and ratiometric Ca 2+ imaging was performed at different time points. In U87 GBM cells, following 1 h of Ca 2+ -free treatment, the Ca 2+ waves started to decrease in frequency (compare Fig. 7A and B) , while the basal level of R decreased from a mean value of ∼1 to 0.6 ( Fig. 7G ), corresponding to a drop in [Ca 2+ ] i from 100 nM to 10 nM. After 4 h, only occasional Ca 2+ waves could be seen (Fig. 7C) , and the basal level of [Ca 2+ ] i dropped to less than 10 nM. In HAs, the trend was consistent: following Ca 2+ -free treatment the frequency of Ca 2+ waves ( Fig. 7D-F ) and the basal level of R decreased (Fig. 7H) . These observations suggest that internal Ca 2+ stores are very efficient, and for several hours, they are an alternative source to the extracellular medium as a Ca 2+ reservoir.
Next, we analysed the effects of MCU silencing on U87 GBM cells, and MCU overexpression on HAs, after transfection with short hairpin RNA (shRNA) for MCU (sh-MCU) and pDEST40-MCU- V5-HIS, respectively. We observed that, 48 h after transfection, MCU expression in U87 GBM cells was reduced by 70% in the sh-MCU group (Fig. 8A ) compared to what was measured in the nontarget shRNA vector as a negative control (sh-NC) group, whereas it increased by 90% in HAs (Fig. 8B ) compared to what was measured in the control cells.
Since MCU level influences the dynamics of spontaneous Ca 2+ waves, we performed ratiometric Ca 2+ measurements and compared the data obtained from U87 GBM to those obtained from HAs under control conditions, and to those from cells after silencing or overexpression of MCU. After these treatments, spontaneous Ca 2+ waves were still present in HAs and U87 GBM cells. Following MCU silencing or overexpression, the mean basal level of R was not influenced in U87 GBM cells or in HAs (Fig. 8C) . MCU silencing caused a decrease in the mean peak R in U87 GBM from a value of ∼2.5 to 2 (Fig. 8D ), corresponding to a decrease in [Ca 2+ ] i from 700 nM to 400 nM. The mean peak R in HAs increased from a value of ∼1 to 1.5 after MCU overexpression (Fig. 8D ). Previously, it was reported that cytoplasmic Ca 2+ peaks were reduced or enhanced by MCU overexpression and silencing in cardiomyocytes, respectively (Drago et al., 2012) , whereas the opposite occurs within the mitochondrial matrix. Differences between Drago et al.'s findings and our results are likely caused by the fact that our ratiometric Ca 2+imaging experiments were based on measuring the fluorescence emitted from the whole GBM, without distinguishing among the different intracellular compartments. Therefore, we performed ratiometric Ca 2+ -imaging experiments with U87 GBM cells stained with Fluo-4 AM, Fura Red AM and MitoTracker Red (Fig. S2A) , and analysed Ca 2+ waves in nucleus, mitochondria and cytoplasm, as described in Fig. S2 . After MCU silencing in U87 GBM, during Ca 2+ waves the peak R in mitochondria decreased significantly (Fig. S2B) , which is consistent with Drago et al.'s conclusion, and the peak R was slightly decreased in the nucleus and slightly increased in the cytoplasm. In HAs we did not observe any significant difference in the compartments following MCU overexpression (Fig. S2C) .
To test the effect of MCU on proliferation, we plated the same numbers of HAs and U87 cells in 96-well plates and analysed the proliferation rate using the alamarBlue ® cell viability assay (see Materials and Methods). Two days after transfection, the proliferation rate was reduced by 15% in U87 GBM cells, and by 20% in HAs (Fig. 8E) . These results show that both MCU silencing in U87 GBM cells and MCU overexpression in HAs significantly reduce cell proliferation. In order to understand if the reduced proliferation is associated with cell death, we carried out fluorescence-activated cell sorting (FACS) analysis. In particular, we used co-staining with Annexin V and propidium iodide (PI) to quantify live, early apoptotic, late apoptotic and necrotic cells (Fig. 8F) . The percentage of dead cells and types of cell death were not significantly different between the sh-MCU group of U87 GBM cells after MCU silencing and the sh-NC group (Fig. 8G,H) . Interestingly, dead cells increased instead from 20% to 45% in HAs following MCU overexpression, and the cell death was mainly due to late apoptosis (Fig. 8I,J) .
Taken together, these results suggest that MCU silencing in U87 GBM decreases spontaneous Ca 2+ oscillations and cell proliferation without triggering cell death. Conversely, MCU overexpression in HAs slightly increases Ca 2+ levels but causes cell death, suggesting that HAs cannot tolerate high MCU levels.
DISCUSSION
Ca 2+ is an intracellular second messenger controlling fundamental cellular processes, such as gene transcription, cell cycle regulation and cell proliferation, and an overload of [Ca 2+ ] i triggers cell death (Zhivotovsky and Orrenius, 2011) . The present investigation illustrates three novel observations regarding Ca 2+ regulation in GBM cells: first, Ca 2+ waves were propagated in networks of cells connected by TMs in a complex way with variable directions and modes; second, in the U87 GBM cell line and in GSCs from patients, the basal level of [Ca 2+ ] i was ∼100 nM, but, during spontaneous waves, [Ca 2+ ] i reached an unusual high level above 1 μM for long periods without triggering cell death; and third, the levels of a protein involved in mitochondrial Ca 2+ regulation, MCU, was altered in GBM cells compared to healthy HAs. Moreover, our analysis shows that MCU silencing decreases cell proliferation and alters [Ca 2+ ] i dynamics in U87 GBM cells, and MCU overexpression in HAs increases [Ca 2+ ] i , inducing also cell death. Our findings delineate an interplay between the high level of MCU, large unusual [Ca 2+ ] i and proliferation ability, which is a potential factor in GBM malignancy, possibly caused by activation of the Ca 2+ -calmodulin complex, CaMKII and specific transcription factors regulated by [Ca 2+ ] i , such as the CREB family members (Shanmughapriya et al., 2015) . Indeed, a sustained activation of CaMKII and CREB have been demonstrated to promote proliferation (Steven and Seliger, 2016) .
Ca 2+ signalling and propagation along TMs
Ca 2+ propagation along TMs connecting different GBM cells is characterized by the occurrence of hotspots, where spontaneous increases in [Ca 2+ ] i remain localized and do not propagate (Fig. 4) . These hotspots were observed with the common Ca 2+ dye Fluo-4 AM (Fig. 4A,B) and were confirmed by ratiometric Ca 2+ imaging (Fig. 4C,D) . Similar Ca 2+ hotspots have also been observed in fine neurites of healthy astrocytes (Bindocci et al., 2017) , and the existence of these hotspots requires the existence of functional barriers at their borders. These barriers are likely to be composed of buffering organelles, such as mitochondria and/or Ca 2+ buffers, i.e. proteins acting as local Ca 2+ sinks (Schwaller, 2010) . These buffers can be quickly saturated, and, under these circumstances, the barriers do not operate and will allow Ca 2+ waves to propagate freely. Mobile mitochondria are the most likely candidates for this role (Agarwal et al., 2017; Jackson and Robinson, 2015) , and their presence (see Fig. 4F ) in TMs explains the observed behaviour. A propagating large Ca 2+ wave will saturate the Ca 2+ -buffering capacity of mitochondria and be likely to diffuse (Fig. 4B,D) , while a small Ca 2+ hotspot originating in the middle of a TM will remain confined in the TM because the diffusing Ca 2+ will be completely absorbed by the mitochondria.
It is important to observe that propagation of Ca 2+ transients in the soma and along TMs is different: Ca 2+ transients within the soma of GBM propagate easily while Ca 2+ transients can be blocked along TMs and fine GBM neurites. This different behaviour is a consequence of the presence of buffering organelles in TMs (Fig. 4F) , where mobile mitochondria can block Ca 2+ transients, which does not occur in GBM soma because of their larger size.
Assemblages of GBM cells appear to function as groups of elements with variable coupling, leading to an intermittent behaviour in which synchronous Ca 2+ waves are interspersed with asynchronous Ca 2+ waves. This intermittent behaviour can be seen within different compartments present in the same cell or in networks of cells.
Unusual elevation of [Ca 2+ ] i during spontaneous waves
Changes in [Ca 2+ ] i can be quantified by using ratiometric Ca 2+ dyes such as Fura-2 (Harley et al., 2010; Shin et al., 2018) or using two dyes with different emission wavelengths, such as Fluo-4 AM and Fura Red AM (Assinger et al., 2015) . These procedures enable quantitative determination of [Ca 2+ ] i , but a caveat must be recognized: the calibration procedure to transform the measured ratio into absolute [Ca 2+ ] i could be affected by the presence of intracellular compartments and is less accurate for [Ca 2+ ] i exceeding ∼1 μM than for lower levels. Therefore, we did not determine the exact highest [Ca 2+ ] i reached during the spontaneous waves but estimated it to be in the order of 3-5 μM.
It is commonly accepted that, at steady state, the basal level of [Ca 2+ ] i is determined by Ca 2+ influx and extrusion through the plasma membrane and is independent of the intracellular buffering capacity, i.e. the capacity of mitochondria and other organelles able to sequester and release Ca 2+ . However, a large buffering capacity prolongs the time taken to reach the steady state and introduces unexpected dynamics. In U87 GBM and HA cells, large Ca 2+ waves were observed for 1-2 h after removal of extracellular Ca 2+ , indicating that, in cells, mitochondria and other organelles are excellent sources and sinks of Ca 2+ .
These observations suggest a complex origin and control of Ca 2+ transients: indeed the observation that large Ca 2+ transients are observed even following removal of extracellular Ca 2+ for 1 h (Fig. 7B,E) indicates that the release of Ca 2+ from intracellular stores contribute to the large Ca 2+ transients. Prolonged removal of extracellular Ca 2+for more than 4 habolishes most of these transients (Fig. 7C,F ), suggesting that extracellular Ca 2+ plays an important role. Therefore, these transients have a dual and complex origin, i.e. release form intracellular stores and entry from the extracellular medium likely through Ca 2+ -permeable ionic channels.
There is agreement that basal [Ca 2+ ] i varies between 100 nM and 300 nM in different cells and that changes in [Ca 2+ ] i underlie fundamental biological processes. For example, during phototransduction in vertebrate photoreceptors, [Ca 2+ ] i decreases, and this drop is responsible for light adaptation (Krizaj and Copenhagen, 2002) ; in addition, local increases in [Ca 2+ ] i are required for transmitter release at synapses (Koch and Dell'orco, 2013) . Relatively small increases in [Ca 2+ ] i can be beneficial to cells by promoting the mitochondrial Ca 2+ uptake machinery and thus making it more efficient (Basso et al., 2018) . When [Ca 2+ ] i increases above the micromolar level, cell death can be initiated (Tombal et al., 2002) . The precise dangerous level of [Ca 2+ ] i varies in different cell types, and the mechanisms through which elevation of [Ca 2+ ] i promotes cell death include activation of Ca 2+ -dependent proteases, nitric oxide synthases, the CREB family of Ca 2+dependent transcription factors, caspases and calpain proteins (Caro and Cederbaum, 2002; Teich et al., 2015) . The Ca 2+ sensitivity of many of these proteins is in the micromolar range (Caro and Cederbaum, 2002) ; for this reason, to avoid triggering cell death, it is important to limit sustained increases in [Ca 2+ ] i to below 1 μM.
As shown in Fig. 5 , in U87 GBM cells and in GSCs from patients, [Ca 2+ ] i increased above 1 μM without leading to cell death. Conversely, overexpression of MCU in HAs increased [Ca 2+ ] i and led to cell death (Fig. 8I) . These results suggest that GBM cells might have molecular mechanisms that enable them to accommodate large increases in [Ca 2+ ] i , implying the existence of a larger pool of intracellular buffering organelles or Ca 2+ -buffering proteins in GBM cells than in normal cells. These mechanisms could be complemented by an efficient mechanism of Ca 2+ extrusion, and the overexpression of key anti-apoptotic signals (Ziegler et al., 2008) , such as members of the BCL2 family (Belmar and Fesik, 2015) , that inhibit the activity of caspase-3, caspase-7 and caspase-9.
The role of MCU in Ca 2+ transients Greater mitochondrial buffering capacity caused by higher levels of MCU could have contributed to the presence of Ca 2+ hotspots along TMs and the unusual levels of [Ca 2+ ] i observed in GBM cells compared to normal cells during the spontaneous Ca 2+ waves. One way to rapidly neutralize transient elevations in [Ca 2+ ] i is by sequestering the Ca 2+ into various intracellular stores of Ca 2+ , such as those in the endoplasmic reticulum (ER) and the Ca 2+ matrix inside the mitochondria. MCU plays a key role in sequestering [Ca 2+ ] i by promoting [Ca 2+ ] i accumulation in the mitochondrial matrix, and mitochondrial Ca 2+ elevation favours drug resistance and tumour maintenance in cancer cells (Vultur et al., 2018) . MCU is characterized by a low Ca 2+ affinity [dissociation constant (KD)=20-30 μM] and is normally closed. However, when surrounding Ca 2+ levels are high enough to form high- [Ca 2+ ] i (∼10 μM) microdomains in close proximity to the mouth of the ER, MCU can be activated to take up Ca 2+ into mitochondria (Arruda and Hotamisligil, 2015; Villalobos et al., 2017) . Upregulation of MCU has been demonstrated in different cancers, such as breast cancer (Hall et al., 2014) and hepatocellular carcinoma (Ren et al., 2018) , and MCU silencing can reduce mitochondrial Ca 2+ uptake and metastatic cell motility and potentiate cell death, suggesting that MCU overexpression protects cancer cells from apoptosis (Curry et al., 2013; Tosatto et al., 2016) .
An elevated level of [Ca 2+ ] i is expected to activate several transcription factors involved in the regulation of cell division and proliferation, such as the CREB family (Shanmughapriya et al., 2015) . In GBM cells, the spontaneous Ca 2+ waves started from a basal level of ∼100 nM and reached a peak at 1-3 μM or higher. Following MCU silencing, spontaneous Ca 2+ waves were still present and GBM cells had reduced proliferation. These findings indicate that the spontaneous Ca 2+ waves from 100 nM to 1-3 μM or higher could be responsible for the high proliferation in GBM cells. Therefore, the key hallmark of GBM malignancy, abnormal rate of proliferation, is causedto some extentby the observed high MCU level and unusual elevation of [Ca 2+ ] i .
In addition, MCU transcription is controlled by the CREB transcription factors and CREB binding to the MCU promoter, which is regulated by [Ca 2+ ] i . Therefore, we can deduce that, in GBM, there is also a positive feedback between the level of MCU and spontaneous Ca 2+ transients.
Conclusions
In conclusion, our study elucidates how high MCU level and large Ca 2+ transients are linked to malignancy in GBM. Indeed, an unusual elevation of Ca 2+ transients is expected to activate biochemical pathways involved in cell proliferation, the key hallmark of GBM malignancy. Since cell proliferation is reduced when MCU is silenced, targeting the MCU complex and intracellular Ca 2+ regulation could be a new unexplored strategy for the treatment of GBM.
MATERIALS AND METHODS
Cell culture
HAs (#N7805100, Thermo Fisher Scientific) and U87 GBM cells (#89081402, Sigma-Aldrich) were cultured in DMEM supplemented with 10% fetal bovine serum (FBS; Invitrogen, Life Technologies, Gaithersburg, MD), 1% PenStrep (100 U/ml penicillin and 100 μg/ml streptomycin; Invitrogen). For HAs, 1% N-2 Supplement (Thermo Fisher Scientific) was added to the culture medium and all plates used to culture HAs were covered with Geltrex™ matrix (Thermo Fisher Scientific). The mCherry-labelled U87 GBM cells were kindly provided by Prof. Antonello Mallamaci (Neurobiology Sector, International School for Advanced Studies, Trieste, Italy). U87 GBM cells were acutely infected at a concentration of 500 cells/ μl by a mix containing lentiviral vector, LV_Pgk1p-mCherry, at a multiplicity of infection of 6.
To obtain human GSCs, human GBM samples were collected by the Neurosurgery Department of the Azienda Ospedaliera Universitaria of Udine, after informed consent was obtained, in accordance with the Declaration of Helsinki, and with approval by the Independent Ethics Committee of the University Hospital of Udine (Approval 196/2014Em) . Human GSCs were expanded in adherent culture following the protocol optimized by Dirk's group to maintain undifferentiated GSCs in adherent condition (Andolfi et al., 2014; Bourkoula et al., 2014; Pollard et al., 2009) . Briefly, tissue samples were mechanically enzymatically dissociated and single-cell suspensions were cultured with adhesion on laminin-coated dishes in a growing medium composed of the following: Neurobasal™-A Medium (#10888, Gibco by Invitrogen) supplemented with 2 mM Lglutamine (#G7513, Sigma-Aldrich), 1× N2 supplement [7.5% bovine serum albumin (BSA), 0.63 μg/ml progesterone, 1.6 mg/ml putrescine dihydrochloride, 0.52 μg/ml sodium selenite], 25 μg/ml insulin (#I2643, Sigma-Aldrich), 1× penicillin-streptomycin (#15140122, Gibco by Invitrogen), 100 μg/ml h-apo-transferrin (#P4333, Sigma-Aldrich), 1× B-27 supplement (#17504-044, Gibco by Invitrogen), 20 ng/ml h-FGF-basic (#100-18B, Peprotech), 20 ng/ml h-EGF (#AF-100-15, Peprotech).
All the cells were cultured in an incubator at 37°C, 5%O 2 /5% CO 2 , 95% relative humidity and medium was replaced every 3 days. Once 70-80% of confluence had been reached, the cells were re-plated at a density of 2.5×10 3 /cm 2 .
Transfection pDEST40-MCU-V5-HIS was Addgene plasmid #31731, deposited by Vamsi Mootha, and sh-MCU was obtained from Sigma-Aldrich (#SHCLNG-NM_138357). Twenty-four hours after plating the cells, HA cells were transfected with pDEST40-MCU-V5-HIS using the empty vector as a control; U87 GBM cells were transfected with sh-MCU using nontarget shRNA vector as a negative control (sh-NC). Lipofectamine 3000 ® transfection reagent (Invitrogen) was used following the manufacturer's protocol. Forty-eight hours after transfection, the following tests were carried out.
Live-cell imaging
Cells were plated at a density of 8.0×10 4 cells into 35-mm dishes with a glass bottom and cultured for 2 days. Before optical recording, cells were stained with 5 µl/ml Vybrant™ DiD Cell-Labelling Solution (Thermo Fisher Scientific) for 20 min and then washed with a warm medium. In specific experiments, cells were stained with 25 nM mitochondrion-selective probe MitoTracker ® Red FM (Thermo Fisher Scientific) for 30 min and then washed with warm medium. Live-cell imaging experiments were performed on an epi-fluorescence microscope (Olympus IX-83, Olympus) equipped with a chamber incubator (Okolab, Pozzuoli, Italy) and light-emitting diode (LED) illumination (λ=590 nm for mCherry and MitoTracker; λ=660 nm for Vybrant™ DiD). During all imaging experiments, cells were kept at 37°C, 5% CO 2 and 95% humidity. Time-lapse images were taken with 500 ms of exposure time and one image was taken every 1 or 2 min. Images were acquired with a charge-coupled device (CCD) sensor at 12-bit depth (ORCA-D2, Hamamatsu) using a 20× air objective (Olympus, NA=0.75) or a 40× oil objective (Olympus, NA=1.3) with a spatial resolution of 1280×960 pixels.
Ca 2+ imaging
In Ca 2+ -imaging experiments, 2.0×10 4 cells were plated on a flat coverslip and cultured for 1-6 days, and subsequently were loaded with the membrane-permeable Ca 2+ dye Fluo-4 AM (Life Technologies) by incubation with 4 μM Fluo-4 AM (dissolved in anhydrous DMSO, 4 mM stock solution) and Pluronic F-127 20% solution in DMSO (Life Technologies) at a ratio of 1:1 in Ringer's solution (145 mM NaCl, 3 mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose and 10 mM Hepes, pH 7.4) at 37°C for 30 min. After incubation, the cultures were washed with Ringer's solution for 20 min and then transferred to the stage of a Nikon Eclipse Ti-U inverted microscope equipped with a piezoelectric table (Nano-ZI Series 500 μm range, Mad City Labs), an HBO 103 W/2 mercury short arc lamp (Osram, Munich, Germany), a mirror unit (465-495 nm excitation bandpass filter, 505 nm dichroic, 515-555 nm emission bandpass filter) and an Electron Multiplier CCD Camera C9100-13 (Hamamatsu Photonics, Japan). Ca 2+ -imaging recordings were performed at room temperature and images were acquired using the NIS Element software (Nikon, Japan) with an S-Fluor 20×/0.75 NA objective, at a sampling rate of 3-10 Hz, with a spatial resolution of 256×256 pixels for 15 min. To avoid saturation of the signals, excitation light intensity was attenuated by ND4 and ND8 neutral density filters (Nikon, Tokyo, Japan).
For ratiometric Ca 2+ -imaging experiments, cells were loaded with 1.5 μM Fluo-4 AM [dissolved in anhydrous DMSO (Sigma-Aldrich), 1.5 mM stock solution], 2.5 μM Fura Red AM [dissolved in anhydrous DMSO (Sigma-Aldrich), 2.5 mM stock solution] and 1 μl Pluronic F-127 20% solution in DMSO (Life Technologies) in 1 ml Ringer's solution for 30 min. After incubation, the cultures were washed with Ringer's solution for 20 min and then transferred to the stage of an epi-fluorescence microscope (Olympus IX-83, Olympus) equipped with a chamber incubator (Okolab, Pozzuoli, Italy), LED illumination (λ=490 nm for both Fluo-4 AM and Fura Red AM) and a CCD camera (ORCA-D2, Hamamatsu) with a dual sensor to record the fluorescence images from Fluo-4 AM (520±17.5 nm) and Fura Red AM (640±37.5 nm) simultaneously. During all imaging experiments, cells were kept at 37°C, 5% CO 2 and 95% humidity. Time-lapse images were taken with 300 ms of exposure time. All acquisitions were operated with a 20× air objective (Olympus, NA=0.75) or a 40× oil objective (Olympus, NA=1.3).
Immunofluorescence
Cells were grown on coverslips for 2 days and subsequently washed with ice-cold PBS, then fixed with 4% paraformaldehyde for 10 min at room temperature, followed by permeabilization with PBS plus 0.1% Triton X-100, blocked with 3% BSA and incubated overnight with primary antibody anti-MCU mouse monoclonal (1:100; ab219827, Abcam, Cambridge, UK). The cells were then washed with PBS three times for 5 min each, and incubated with Alexa Fluor 488-labelled goat anti-mouse secondary antibody (1:400; Life Technologies) at room temperature for 1 h. The cells were examined with a confocal microscope (Nikon A1R).
Western blotting
Cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM, NaCl, 5 mM EDTA, pH 8.0, 30 mM NaF, 1 mM Na 3 VO 4 , 40 mM β-glycerophosphate, 0.1 mM PMSF, protease inhibitors, 10% glycerol and 1% Nonidet-P40). Whole-cell extracts were fractionated by SDS-PAGE and transferred to a nitrocellulose membrane using a transfer apparatus according to the manufacturer's protocols (Bio-Rad). After incubation with 3% in TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% Tween 20) for 1 h, the membrane was washed once with TBST and incubated with antibodies against MCU (1:500) at 4°C overnight and horseradish peroxidase (HRP)-conjugated actin (1:3000) at room temperature for 15 min. Membranes were washed three times for 10 min and incubated with a 1:3000 dilution of HRP-conjugated anti-mouse for 2 h. Blots were washed with TBST three times and developed with an ECL system (Amersham Biosciences) according to the manufacturer's protocols.
Quantification of cell viability
The alamarBlue ® (Thermo Fisher Scientific) assay was performed to evaluate the metabolic activity of U87 cells with and without MCU silencing, and HA cells with and without MCU overexpression. After transfection for 48 h, cells were washed in PBS pre-warmed at 37°C, after which 10% alamarBlue ® in growth medium was added. After 4 h of incubation at 37°C, absorbance was measured at 570/600 nm wavelengths and percentage cell viability compared with the control group was calculated following the manufacturer's instructions.
Analysis of cell death was performed using the Annexin V-FITC Apoptosis Detection Kit (BioLegend) following the manufacturer's instructions. Briefly, cells, resuspended in Binding Buffer at a cell density of 2-5×10 5 /ml were first stained with Annexin V-FITC (A-V) and, after washing, with PI (1 μg/ml). Cells were then analysed by FACSCanto III (BD Biosciences), using FACSDiva software. On the basis of PI and A-V staining, cells were considered live cells (PI − /A-V − ), cells in early apoptosis (PI − /A-V + ), cells in late apoptosis (PI + /A-V + ) or necrotic cells (PI + /A-V − ).
Quantification and analysis of Ca 2+ -imaging data
Acquired images were processed with the ImageJ software. The somas or sections of TMs were localized in a specific region of interest (ROI; see red outlined area in Fig. 1A) , and a dark region in which no cells were visible was selected to compute the background, which was then subtracted from the whole image. Ca 2+ transients of each cell signal were extracted by setting a threshold equal to three times the s.d. of the baseline. The decay of I f (t) was fitted to a cubic spline Y(t) interpolating I f (t) at 10 or 20 points. Y(t) was then added to the original optical signal to compensate for dye bleaching, and the fractional optical signal was calculated as follows:
where I f (0) is the fluorescence intensity at the beginning of the recording. For ratiometric Ca 2+ imaging, image sequences from Fluo-4 AM and Fura Red AM labelling were separated by ImageJ. A ROI for subtracting the background and ROIs around the cell bodies were then selected. Mean grey values from two channels were measured over time as shown in Fig. 1B and the amplitude of optical signals from the two dyes decayed because of bleaching. After background subtraction, F1 (cellular green emission by Fluo-4 AM) and F2 (cellular red emission by Fura Red AM) were used to calculate the fluorescence ratio R as follows:
The time course of R was less affected by dye bleaching (Fig. 1C) because bleaching had almost the same time constant for Fluo-4 AM and Fura Red AM. When F1 increased and concomitantly F2 decreased, as in Fig. 1B , there is a genuine increase in [Ca 2+ ] i . If F1 and F2 do not have changes with a similar time course with opposite polarity, fluorescent changes are usually caused by artefacts most commonly by the motion of visualized cells. GBM cells usually move significantly and in order to observe genuine changes of [Ca 2+ ] i it is necessary to use ratiometric Ca 2+ imaging [Ca 2+ ] i measurements were performed as previously described (Assinger et al., 2015) . Briefly, fluorescent cells were treated with ionomycin (5 μM) and R was measured with free Ca 2+ ranging from 0 to 28,000 nM by mixing Calcium Calibration Buffer 10 mM CaEGTA and Calcium Calibration Buffer zero (10 mM K 2 EGTA) (Life Technologies) at different ratios. The following equation was used to determine [Ca 2+ ] i (Assinger et al., 2015) :
where K d , R min and R max were obtained during Ca 2+ calibration experiments.
In the calibration experiment illustrated in Fig. 1D , the obtained values of K d , R min and R max were 810.3 nM, 0.56 and 4.60, respectively, which were obtained from averaging data of 32 GBM cells from three distinct experimental sessions.
Statistical analysis
Data are shown as the mean±s.d. from at least three culture preparations. The quantified data were analysed with one-way analysis of variance (ANOVA) or two-way ANOVA, followed by Bonferroni post-hoc comparisons, using GraphPad Prism version 6.01. The number of replicas and statistical tests used for each experiment is specified in the figure legends or in the Results section. Significance was set to *P<0.05, **P<0.01 and ***P<0.001.
